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Thd effect of cyclic AMP on protein phosphorylatton was analyzed comparatrvely m two strains of E colz 
differing m then capacity to synthesize thts nucleottde, one of them lackmg the adenylate cyclase actrvrty 
The results obtained from both m vrvo and m vrtro experrments concurred m showmg that the bacterial 
protein kmase acttvrty IS CAMP-mdependent 
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1. INTRODUCTION 
Protein phosphorylation has been recognized as 
a maJor regulatory process m a number of 
eukaryotic systems [1,2]. It is catalyzed by protein 
kinases that direct the transfer of the y-phosphate 
of ATP or GTP to certain ammo acids bearmg ac- 
cessible hydroxyl groups in proteins [3]. Various 
protein kmases have been described and several at- 
tempts have been made to classify them, for m- 
stance, according to their protein substrate 
specificity (e.g., casein kinases and histone 
kinases), mtracellular location (e.g., cytosolic or 
organelle-bound), or regulation by specific effec- 
tors [2]. From the latter viewpoint, a rather 
widespread classification consists in dividing pro- 
tem kmases into two classes, whether or not their 
activity 1s dependent on cychc nucleotides, namely 
cyclic AMP [l]. 
Protein phosphorylation has also been shown to 
occur in bacteria (review [4,5]). Thus, E. coli cells 
harbor a protein kinase activity that phosphory- 
lates endogenously at least 10 proteins in the 
cytoplasmic fraction and 2 m the ribosome/mem- 
brane fraction [6]. However, m contrast to 
eukaryotrc kinases, this bacterial activity cannot be 
characterized on the basis of rts substrate specifrcr- 
ty for 2 main reasons: firstly, because it is unable 
to phosphorylate exogenous protems such as 
htstones or casetns which are, on the other hand, 
quite suitable substrates for eukaryotic kmases [7]; 
secondly, because the data on the nature and prop- 
erties of the endogenous bacterial phosphopro- 
tems are still too scarce for drawing any general 
conclusion [4]. Therefore another approach was 
used here to characterize the E. co11 protein kinase 
activity by studymg its dependence on cyclic AMP. 
For this, protem phosphorylation was analyzed 
comparatively m two strains related to each other 
but differing m their capacity to synthesrze this 
nucleotide, one of them lacking adenylate cyclase 
activity. The results obtained from both m vlvo 
and in vitro experiments how that the endogenous 
phosphorylation of E. co11 proteins is independent 
upon cychc AMP. 
2 EXPERIMENTAL 
2.1. Bacterial strains and culture medium 
E. coli strain TP 7210 (F- xyl aroB rlv A215 
argHZ his gaN) and the related mutant TP 7260 
(F- xyl aroB Acya argHZ hrs gaN) described in [8] 
were used. They were kmdly supplied by Dr A. 
Danchin, Instrtut Pasteur, Paris. Cells were grown 
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m a Tris minimal medium [9] containing 0.3% 
glycerol as the carbon source and supplemented 
with casem hydrolysate (0.6 mg/ml), shikimic acid 
(20 fig/ml), and phenylalamne, tyrosine and tryp- 
tophan (100 pg/ml each). 
2.2. In vwo labelrng 
Cells were labeled with [32P]orthophosphate 
(20-30&i/ml) added at the beginning of the ex- 
ponential phase of growth. After 2-3_ generations 
they were collected by low-speed centrifugation. 
The phosphate concentration m the growth 
medium was 5 x 10m3 M. Radioactive labehng of 
cells was performed m either the absence or 
presence of 5 mM cyclic AMP at pH 7 0. 
2.3. Preparation of cellular extracts 
After m viva labeling, the pellet of cells was 
suspended m TKM buffer [50 mM Tris-HCl (pH 
7.6), 20 mM KCI, 10 mM MgCl2, 6 mM p- 
mercaptoethanol] and subJected to ultrasonic 
disruption m the presence of 2 pg/ml pancreatic 
deoxyribonuclease. When cellular extracts were 
prepared m view of m vitro experiments, the 
bacterial pellet was first washed by suspension m 
TM buffer [25 mM Tris-HCl (pH 7.5), 5 mM ,&- 
mercaptoethanol], centrifuged again for 10 min at 
20000 x g and finally subJected to alumma 
grmdmg m the same TM buffer (6 ml/g bacteria). 
The somcated or alumma-ground extract thus 
obtained was centrifuged repeatedly for 25 mm at 
30000 x g and the liquid layer (fraction S30) was 
collected 
2.4 Endogenous phosphorylatron m vitro 
Fraction S30 (=200 pg protem) was incubated in 
250~1 medium contaming 25 mM Tris-HCl (pH 
7.5), 5 mM MgC12, 5 mM@-mercaptoethanol, and 
100pM and 12.5 ,&i [y-32P]ATP (spec. act 
3000 Ci/mmol, Amersham). When required, 
cychc AMP at pH 7.0 was added at a final concen- 
tration of 20 or 1OOpM. In some assays 100/M 
cyclic GMP was used. After incubation for 20 mm 
at 37”C, the medmm was treated with 5 vols 
acetone and mamtamed overnight at - 20°C. Pro- 
teins thus precipitated were centrifuged and dried 
under vacuum. 
2 5. Gel electrophoresls and autoradlography 
Proteins (180-220 pg) precipitated by acetone 
from fraction S30 were dissolved m 30 ~1 of a buf- 
fer containing 40 mM Bistris-acetic acid (pH 6.0), 
8 M urea, 1% SDS and 1% ,&mercaptoethanol, 
heated for 10 mm at lOO”C, and directly subjected 
to one-dimensional gel electrophoresis m 10% 
polyacrylamide for 3 h according to [lo]. 
Reference proteins (about 1 ,ug each) of known 
molecular mass ranging from 14.4 to 94 kDa were 
run in parallel. After electrophoresis, gels were 
treated for 30 mm with 16% trrchloroacetic acid at 
90°C then mcubated overnight m 5% trichloro- 
acetic acid and 50 mM NazHPOd. They were 
stained with 0.1% Coomassie blue R250 m 50% 
methanol/75% acetic acid, and dried under 
vacuum. Radioactive bands were visualized by 
autoradiography for l-3 days using DEF-5 films 
(Eastman Kodak). Quantitative estimation of the 
amount of radioactivity mcorporated mto the 
various proteins was made by scanning the relevant 
bands on the autoradiograms m a Vernon Phi3 
photometer 
3. RESULTS AND DISCUSSION 
In a first series of experiments, the effect of 
cychc AMP (CAMP) on the incorporation m vivo 
of radioactive orthophosphate mto proteins was 
studied. Strain TP7210 and the related mutant 
TP 7260 that lacks adenylate cyclase and hence 
contains no CAMP, were analyzed comparatively. 
Each strain was grown m either the presence or 
absence of CAMP m the culture medium, and pro- 
tem fraction S30 was prepared and analyzed by 
one-dimensional gel electrophoresis and auto- 
radiography. From the phosphorylation patterns 
displayed m fig. 1, which are very similar to others 
previously obtained with different E. cob strains 
[9], two main observations can be made. first, 
comparison of the intensity of the radioactive 
bands on the autoradiograms shows that CAMP 
does not seem to affect the extent of phosphoryla- 
tion of proteins in either strain and, therefore, 
does not seem to activate the phosphoprotem 
kmase of bacteria. This is confirmed by the quan- 
titative analysis reported m table 1 showing that, 
within each strain, the amount of radioactivity m- 
corporated mto the 9 phosphoprotems tudied here 
(ranging from 17 to 75 kDa) does not differ 
significantly whether or not cells are grown with 
CAMP. The second observation is that when the 
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F1g. 1 The effect of cychc AMP on protem 
phosphorylatlon m VIVO E colt strains TP 7210 (tracks 
A-C) and TP 7260 (tracks D-F) were cultured m the 
presence of radroacttve orthophosphate wrth (B, E) or 
wIthout (A, D) cychc AMP as descrtbed m section 2 
Fraction S30 was prepared, and proteins were analyzed 
by gel electrophoresrs and autoradrography Stammg by 
Coomassre blue IS presented in C and F Other tracks are 
autoradlograms. The fast-moving spot f does not 
contam any protem mate& 
Table 1 
Extent of labehng of protems phosphorylated m VIVO 
Protem 
(kDa) 
Stram TP 7210 
- CAMP + CAMP 
Stram TP 7260 
-CAMP + CAMP 
17 6 47 6.08 13 44 13.02 
32 0 37 0.44 0 54 0 48 
34 0 47 0.55 0 45 0 40 
36 0.66 0 72 0.89 0 82 
38 0 74 0 81 1 21 1 02 
47 4 11 3 80 5 89 5 18 
51 0 94 0 77 0 98 0.82 
65 2 42 2 I8 2.04 1 93 
75 064 0 71 0 38 0 46 
Bacteria were grown m the presence of radroactrve 
orthophosphate wrth or wrthout CAMP, and protems 
were analyzed as descrrbed In the legend to fig 1 The 
mtensrty of the major bands (17-75 kDa) on the 
autoradrograms was monitored and expressed m 
arbitrary units The statrsttcal anaIysrs of 3 different 
measurements howed that the average devtatron was 
+- 17% of expressed values 
mutant strain TP 7260 lackmg adenylate cyclase 1s 
cultured wtthout CAMP (fig. 1, track D), t.e , when 
netther endogenous nor exogenous CAMP is pre- 
sent wtthm bacteria, protein phosphorylatton still 
occurs normally, which suggests that the reactron 
by itself does not require thts nucleottde. 
In another set of experiments the effect of 
CAMP on protein phosphoryIation was analyzed in 
an m vitro system. Fractton S30 was prepared from 
strains TP 7210 and TP 7260, and incubated m the 
presence of radioactlvlty Iabeled ATP, wtth or 
wtthout CAMP. After separation by gel elec- 
trophorests, phosphorylated proteins were 
vtsuahzed by autoradtography as above, The pat- 
terns in fig.2 mdtcate here again that CAMP, used 
at two drfferent concentrations (20 and lOO#M), 
does not modtfy the extent of protein phosphory~a- 
tton m fractton S30 extracted from either stram, 
The quantitative estrmatron made m table 2 cor- 
roborates this concluston by showmg that no 
significant variation is detected m the labelmg of 
the 4 major proteins studted. In fact, m some 
assays performed by usmg cAMP concentratrons 
higher than 100yM (not shown), it was observed 
that the amount of radloactlvlty m phosphopro- 
tems decreases omewhat, suggesting that under 
these condmons the nucleottde has an mhrbttory 
effect. 
Fig 2 The effect of cychc AMP and cychc GMP on 
protem phosphorylatron in vitro Fractton S30 prepared 
from strarn TP 7210 (tracks l-4) or stram TP 7260 
(tracks 5-8) was Incubated wrth radtoactrve ATP m the 
absence (1 J) or m the presence of 20 yM CAMP (26) or 
JOOpM CAMP (3,7) or IOOpM cGMP (4,8) Protems 
were separated by gel electrophoresrs and radroactrve 
bands revealed by autoradrography 
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Table 2 
Extent of labeling of protems phosphorylated m vitro 
Protein 
&Da) 
36 
47 
59 
75 
Stram TP 7210 Strain TP 7260 
Control + CAMP + CAMP + cGMP Control + CAMP + CAMP + cGMP 
(20 PM) (100 PM) (100 aM) (20 PM) (100 FM) (100 PM) 
0 66 0.63 0 56 0.50 0 88 0 86 0.92 1 04 
0 70 0 65 0 73 0.63 0.78 0 74 0 86 0 69 
6.02 6 48 6 29 6.11 6 95 6.91 7.09 7.21 
0 32 0 28 0.34 0 31 0 18 0.16 0.13 0.16 
Fraction S30 extracted from each stram was Incubated with radIoactIve ATP, and Its phosphoprotem content was 
analyzed as m flg.2. Incubation was carried out m either the absence (control) or presence of cychc nucleohdes at the 
indicated concentrations The mtenslty of the 4 myor bands on the correspondmg autoradlograms (see fig.2) was 
momtored and expressed as m table 1 
Taken together these results demonstrate that 
the E co11 protein kmase activity 1s cyclic AMP- 
independent. They indicate not only that neither 
the synthesis nor the activity of this enzyme 1s 
enhanced by CAMP, but also that the phosphoryla- 
tlon reaction per se can occur m the complete 
absence of the nucleotlde. A slmllar conclusion 
had previously been reached m the particular case 
of the phosphorylatlon of the bacterial NADP- 
specific lsocltrate dehydrogenase [111. Our data 
now extend this observation to a wider number of 
proteins and, consequently, are more likely to 
reflect a general phenomenon m the bacterial cell. 
In addition they provide more information of the 
dependence of the E. cok protein kmase activity 
upon cychc nucleotides ince it 1s shown (fig.2 and 
table 2) that, besides CAMP, cyclic GMP also has 
no effect on protein phosphorylatlon. This latter 
point that emerges from an in vitro analysis should 
now be further investigated under m vivo 
conditions. 
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